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Open access under the ElsXylella fastidiosa is a gram-negative bacterium that causes serious diseases in economically important
crops, including grapevine, coffee, and citrus fruits. X. fastidiosa colonizes the xylem vessels of the
infected plants, thereby blocking water and nutrient transport. The genome sequence of X. fastidiosa
has revealed an operon containing nine genes possibly involved in the synthesis of an exopolisaccharide
(EPS) named fastidian gum that can be related with the pathogenicity of this bacterium. The a-1,3-
mannosyltransferase (GumH) enzyme from X. fastidiosa is involved in fastidian gum production. GumH
is responsible for the transfer of mannose from guanosine diphosphate mannose (GDP-man) to the cel-
lobiose–pyrophosphate–polyprenol carrier lipid (CPP-Lip) during the assembly and biosynthesis of EPS.
In this work, a method for real-time detection of recombinant GumH enzymatic activity was successfully
developed using a Quartz Crystal Microbalance with dissipation monitoring (QCM-D). The QCM-D trans-
ducer was strategically modiﬁed with CPP-Lip by using a solid-supported lipid bilayer that makes use of a
self-assembled monolayer of 1-undecanethiol. Monitoring the real-time CPP-Lip QCM-D transducer in
the presence of GDP-man and GumH enzyme shows a mass increase, indicating the transfer of mannose.
The real-time QCM-D determination of mannosyltransferase function was validated by a High Perfor-
mance Liquid Chromatography (LC) method developed for determination of GDP produced by enzymatic
reaction. LC results conﬁrmed the activity of recombinant GumH protein, which is the ﬁrst enzyme
involved in the biosynthesis of the EPS from X. fastidiosa enzymatically characterized.
 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Xylella fastidiosa is a gram-negative xylem-limited bacterium
affecting economically important crops, including grapevine, citrus
fruits, and coffee [1]. The citrus variegated chlorosis strain of X.
fastidiosa is the causal agent of this severe citrus fruit tree disease
in Brazil and represents the ﬁrst plant-pathogenic bacterium for
which the genome sequence was determined [2]. X. fastidiosa is
capable of colonizing the xylem of several plant species and under
certain circumstances these bacteria can grow to great densities
that physically block the vessels and interfere with the normal ﬂow
of sap in the plant.
X. fastidiosa produces an exopolysaccharide (EPS), called fastid-
ian gum, that consists of polymerized tetrasaccharide repeating
units assembled by the sequential addition of glucose-L-phosphate,
glucose, mannose, and glucuronic acid on a polyprenol phosphate
carrier [2]. Of the proteins involved in fastidian gum synthesis, ﬁve
are transferases and four are probably involved in the gum poly-evier OA license.merization and exportation processes through the cellular wall of
the bacterium. Recent studies have shown that X. fastidiosa pro-
duces low amounts of fastidian gum [3], but that fastidian is an
important factor in production and maintenance of a bioﬁlm,
which is currently accepted as an important factor in the pathoge-
nicity of X. fastidiosa [3,4]. Therefore, studies of fastidian gum and
the enzymes involved in its synthesis may provide important infor-
mation about the virulence of this bacterium.
As part of our efforts to understand the biosynthesis of fastidian
gum, we have started studying the enzymes involved in this path-
way [5]. In previous studies, we have reported the cloning, puriﬁ-
cation and partial characterization of a glycosyltransferase named
GumH from X. fastidiosa [6]. GumH is probably an a-1,3-mannosyl-
transferase responsible for the transfer of mannose from guanosine
diphosphate mannose (GDP-man) to the cellobiose–pyrophos-
phate–polyprenol carrier lipid (CPP-Lip) during the assembly of
the tetrasaccharide repeat unit of the EPS fastidian gum. Usually,
experiments to conﬁrm the enzymatic reaction of glycosyltransfer-
ases include radioactive [7] or ﬂuorescent compounds [8] or indi-
rect spectrophotometric assay methods [9]. These conventional
methods are generally laborious, expensive and time-consuming.
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which the Quartz Crystal Microbalance (QCM) technique plays a
key hole in elucidating various aspects of biomolecular recognition
reactions mainly due to the sensitive and cost-effective detection
of biomolecules in real time [10,11]. The concept of QCM technique
is based on the fact that the variation of quartz crystal frequency is
directly related to amount of mass deposited over the quartz crys-
tal surface. The approach involved in the QCM device for investi-
gate biomolecular interaction has the advantage of high
sensitivity, low cost and real-time output analysis [12]. The gain
of chemical speciﬁcity occurs from a chemically active coating,
which interacts with the surrounding environment. Aspects like
sensitivity, selectivity, reliability and long term stability or dy-
namic response are primarily a question of the chemical layer
design.
A number of self-assembly systems have been investigated, but
the use of alkanethiols on the gold for electrode surfaces modiﬁca-
tion are probably the most studied type of self-assembled mono-
layers (SAMs) [13,14]. The self-assembled alkanethiol monolayers
immobilized directly on gold surfaces provide a well-deﬁned
hydrophobic substrate for the formation of stable self-assembled
lipid bilayer [15,16]. The bilayer membrane consists of a metal
supported alkanethiol SAM and a monolayer of phospholipid
[17]. The Quartz Crystal Microbalance technique combined to
alkanethiol SAM allows to investigate processes such as redox
activity, ligand–receptor interactions, cell signaling and enzymatic
reactions occurring at the cell surface [18] due to the correspon-
dence of frequency change to adsorbed mass.
In this work, we report the functional characterization of the re-
combinant GumH by Quartz Crystal Microbalance with dissipation
monitoring (QCM-D) in real-time transfer reaction catalyzed by the
protein. The GumH reaction measurement was carried out by mon-
itoring the mass increase of a quartz crystal when GDP-man and
GumH were added to the gold electrode with CPP-Lip immobilized
via solid-supported lipid bilayers. The same strategy of GumH
immobilization was used and the mannose transferred was con-
ﬁrmed by determining the GDP produced in the solution by means
of an LC-based method.2. Materials and methods
2.1. Reagents
Ni–NTA Superﬂow and Cobalt resins were purchased from Qia-
gen (USA). Talon Superﬂow Metal Afﬁnity was purchased from BD
Biosciences (USA), and n-Dodecylphosphocholine detergent (Fos-
Choline-12) was obtained from Anatrace (USA). GDP-man, GDP,
mannose, and 1-undecanethiol were supplied by Sigma Chemical
Co. (USA). The water was puriﬁed by a Millipore Milli-Q puriﬁca-
tion system (France) with resistivity not less than 18.2 MO. All
other chemical reagents used were of analytical or LC grade.2.2. Apparatus
The QCM-D measurements were carried out with a QSense
model Q-SenseE4 (Sweden) using a quartz crystal 5 MHz AT-cut
with gold electrodes and a peristaltic pump Ismatec model IPC
(Switzerland) with ﬂow rate of 8.4 lL/min.
The LC system consisted of a Shimadzu LC-20AT pump, an auto-
injector model SIL-20A, a degasser DGU-20A5, and a SPD-20A UV–
Vis detector. Data acquisition was done on a Shimadzu CBM-20A
system interfaced with a computer equipped with Shimadzu LCso-
lution 2.1 software (Japan). Separation was performed on a Luna
NH2 column (150 mm  4.60 mm I.D., 5 lm particle size and
100 Å pore size). The mobile phase consisted of 50 mM of KH2PO4(pH 8.0): 2-propanol (85:15 v/v) and the ﬂow rate used was 1 mL/
min. UV detection was performed at 254 nm.
2.3. Biosynthesis of the glycolipid acceptors
The acceptor CPP-Lip was obtained using Xantomonas campes-
tris campestris (Xcc) cells according the literature [7] and with some
modiﬁcations as described in the three next steps: (1) Bacterial cul-
ture and permeabilized cells. Here, cells from 8004 strain of the Xcc
were grown in YM medium for 28 h at 29 C under shaking of
250 rpm with 30 lg/mL of fresh rifampicin. Then the cells were
centrifuged at 12,000g for 30 min at 4 C and resuspended in
70 mM Tris–HCl buffer, pH 8.2, 10 mM EDTA. The cells were lysed
by the freezing–thawing technique for three times, the suspension
was centrifuged and the pellet was diluted in same buffer resulting
in permeabilized cells that is the lipid into Xcc membrane. (2) The
synthesis of lipid-linked intermediates. The reaction mixtures con-
sisted of the 1.2 mL of permeabilized cells in 70 mM Tris–HCl buf-
fer (pH 8.2, with 10 mM EDTA), 8.5 mMMgCl2, 4 mMUDP-Glucose,
70 lL of 25 mM Tris–HCl buffer (pH 8.2) and complete volume to
2.8 mL with water (modiﬁed of [8]). This mixture was incubated
for 40 min at 27 C and the reaction was stopped by the addition
of 8 mL of 70 mM Tris–HCl buffer (pH 8.2) containing 10 mM EDTA.
Then the sample was centrifuged at 6000g for 5 min at 4 C and
the pellet was washed two times with 25 mM Tris–HCl buffer,
pH 8.2, and centrifuged. (3) Extraction of glycolipid of Xcc mem-
brane. The cells were suspended in 3.6 mL of extraction solution
(chloroform:methanol:water, 1:2:0.3), centrifuged at 6000g for
5 min and the supernatant was collected. This procedure was car-
ried out more two times. Then, the extract contains the CPP-Lip
was aliquoted in fractions of 450 lL and stored at 20 C [7,19,20].
2.4. Chromatography analyses
The LC method to determine the GDP produced during the
enzymatic reaction was described in the Supplementary Data.
2.5. Immobilization of CPP-Lip
Prior to the experiments, the quartz crystal surface was cleaned,
as previously reported [21]. The strategy employed for CPP-Lip
immobilization was based on a solid supported lipid bilayer on
the gold surface of the quartz transducer. Initially, the gold surface
was modiﬁed with a hydrophobic self-assembled monolayer of 1-
undecanethiol. In order to do this, the quartz was incubated for
12 h in ethanol solution with 1 mM 1-undecanethiol. Then the
crystal was washed with ethanol and water. Subsequently, the
modiﬁed crystal was incubated for 12–15 h in CPP-Lip solution
that had been previously prepared. Finally, the crystal was washed
with water and dried at room temperature. The measurements of
the resonant frequency were carried out at continuous ﬂow using
a 50 mM solution of phosphate buffer (PBS) with 7.5 mM of Fos-
Choline-12 surfactant (pH 7.4). The enzymatic reaction medium
was composed of 6.0 mM MgCl2, 0.25 mM GDP-Man and
1.8109 M of GumH in PBS.
For producing GDP to be measured by the LC method, the same
strategy applied for the enzymatic reaction on QCM-D was carried
out. To do this, a thin-layer cell with a large gold surface area and
small volume was constructed to afford GDP in measurable con-
centrations by using the chromatographic method developed here
as show in the Suplementary Data. The thin-layer cell was con-
structed using two glass plates with 76  26 mm each. The plates
were covered with a ﬁlm of 50 nm of titanium and, on top of this,
100 nm of gold on one side, by sputtering. On each glass plate the
CPP-Lip was immobilized on its gold surface by the same proce-
dure previously described for immobilizing on quartz crystal. The
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ﬂuoroethylene (PTFE) sheet with 0.05 mm of thickness and at-
tached with clamps. The PTFE sheet was cut so that three thin-
layer cells were formed, each one with height of 20 mm, length
of 20 mm, and thickness of 0.05 mm. To each thin-layer cell
200 lL of solution containing the GumH, GDP-man, and MgCl2
was added and incubated for 2 h at room temperature before chro-
matographic analyses. As reference standard solutions, enzymatic
solutions without the GumH were also analyzed.Fig. 2. QCM-D frequency (A) and dissipation variation (B) as a function of time for
addition of a solution containing 0.25 mM GDP-Man and 1.8 x 109 M of GumH,
with 6.0 mM MgCl2, to quartz crystal modiﬁed with CPP-Lip.3. Results and discussion
Evaluation of GumH transfer reaction was carried out by mea-
suring the mass variation when a quartz crystal with the CPP-Lip
immobilized was exposed to the enzymatic reaction solution of
the GDP-man, MgCl2, and GumH in PBS. The CPP-Lip was immobi-
lized on the gold surface by using lipid bilayers. The immobiliza-
tion was carried out in two steps: a SAM of 1-undecanothiol was
formed on the gold surface, and then, the CPP-Lip was physisorbed
onto the hydrophobic SAM. Fig. 1 shows a schematic diagram of
the immobilization of the CPP-Lip on the gold surface and the
GumH enzymatic reaction.
As illustrated in Fig. 1, the enzyme GumH was responsible for
transferring mannose from GDP-man to the CPP-Lip. This reaction
was accomplished by varying the frequency of the quartz crystal
with the immobilized CPP-Lip. Fig. 2 shows the real-time variations
of the oscillation frequency and dissipation factors for third over-
tone when a PBS solution with GumH and GDP-man was injected
into CPP-Lip immobilized in the quartz crystal. A decrease in oscil-
lation frequency was observed when the GumH and GDP-man
reached the crystal. When the PBS solution passed through the
crystal, the oscillation frequency increased and a difference of
5.1 ± 1.6 Hz was obtained for three measurements by comparing
the initial and ﬁnal frequency values. According to the Sauerbrey
equation [22] (Dm = CfDf/n, where Cf = 7.7 ng/cm2 Hz at
f = 5 MHz and n = 3), a mass variation of 30.1 ± 9.1 ng/cm2 was ob-
tained. In a similar way, the dissipation variation was increased
when solutions composed of GumH and GDP-man were injectedFig. 1. Schematic illustration of the CPP-Lip immobilized on a gol(Fig. 2). Dissipation shift values of 1.6 ± 0.5  106 were obtained
for three measurements, an indication that the layer is essentially
soft. The variation in frequency and dissipation can be related to
the increase in mass due to the binding of mannose to the immo-
bilized CPP-Lip on the crystal surface by the enzymatic reaction.
Fig. 3 presents the frequency and dissipation variations when
the CPP-Lip immobilized on the quartz crystal was exposed to a
solution of GumH and GDP-man without MgCl2. As can be ob-
served, a decrease in frequency was obtained when the solution
was injected. After the system was washed with buffer solution,
the frequency increased, reaching values close to initials. This indi-
cated that the presence of magnesium ion in the solution being
used is necessary to maintain the GumH activity and, conse-
quently, that GumH is a metalloenzyme. The dissipation variation
practically does not change, as shown when a comparison is maded surface by lipid bilayer and the GumH enzymatic reaction.
Fig. 3. QCM-D frequency (A) and dissipation variation (B) as a function of time for
addition of a solution containing 0.25 mM GDP-Man and 1.8 x 109 M of GumH,
without 6.0 mM MgCl2, to quartz crystal modiﬁed with CPP-Lip.
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man without the presence of MgCl2. This result indicates that the
GumH does not adsorb on the ﬁlm deposited on the crystal surface.
In addition to the GumH activity real-time determination using
the QCM-D techniques, an LC method for quantiﬁcation of GDP
produced during the enzymatic reaction was developed. An exter-
nal curve and a standard addition calibration curve were used for
two main reasons. Firstly, the GDP-Man solution used for the enzy-
matic reaction had traces of the reaction product (GDP). Secondly,
it was the way to estimate matrix interference in the GDP pro-
duced. Good agreement using both calibration methods was ob-
served for the results obtained in the quantiﬁcation of a standard
sample, thereby demonstrating that the external calibration curve
can be used. This reﬂects the selectivity achieved by the chromato-
graphic conditions developed here. Further details may be found in
the Supplementary Data. Regression analysis for the data acquiredFig. 4. Illustrative chromatogram of a solution composed of 0.25 mM GDP-Man and
0.01 mM GDP and analytical curves for GDP. A Luna NH2 column with 50 mM
KH2PO4, pH 8.0: 2-propanol (85:15 v/v) was used as mobile phase with a ﬂow rate
of 1 mL/min and an injected volume of 50 lL. The chromatogram was recorded at
254 nm.from the external and standard addition calibration curves showed
good linearity at a 0.5–50 lM concentration range, with a correla-
tion coefﬁcient above 0.999, and the detection limit of 0.15 lM. A
typical chromatogram of GDP quantiﬁcation and the analytical
curve obtained during the validation study are illustrated in Fig. 4.
The validated method was used for quantiﬁcation of GDP
formed by the GumH catalyzed reaction. Therefore the enzyme
activity was monitored by the difference between the GDP concen-
tration in reactive solution before and after incubation of GumH in
glass plate. The GDP concentration was measured in triplicate and
the analysis showed a production of GDP 0.6 ± 0.1 lM by the
GumH enzyme conﬁrming the proposed mechanism for the cata-
lyzed reaction by GumH. This corresponds to a mass of mannose
binding to CPP-Lip of 38.9 ± 6.4 ng/cm2 indicating a good correla-
tion with the mass variation obtained by QCM-Dmethod. These re-
sults conﬁrm GDP-mannosyltransferase function of GumH from X.
fastidiosa that has been proposed in previous studies [6].
In this work, a faster, real-time, and label-free detection of the
mannose transfer reaction by the recombinant GumH from X. fasti-
diosa using the QCM-D was successfully carried out. The mass
transfer of mannose from GDP-man to the CPP-Lip immobilized
on a quartz crystal surface was monitored with QCM-D. The chro-
matographic method conﬁrmed the mannose transfer by the
GumH determining the quantity of GPD produced by the enzy-
matic reaction. The method developed can be used for evaluating
in real-time other glycosyltransferases as well as for monitoring
the expolysaccharide formation by sequential additions of differ-
ent monosaccharide units and glycosyltransferases.
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